Pulmonary arterial hypertension (PAH) and chronic thromboembolic pulmonary hypertension (CTEPH) are subtypes of pulmonary hypertension-a rare, life-threatening condition defined by chronically elevated pulmonary artery pressure. Treatment goals include improving patient functioning, symptom management, and delaying disease progression. Traditional therapies have focused on affected physiologic pathways, with endothelin-receptor antagonists and/or phosphodiesterase-5 inhibitors as first-line agents and prostacyclins for more severe disease. Riociguat, a therapeutic agent that stimulates soluble guanylate cyclase via nitric-oxide pathways, was approved in 2013 for treatment of PAH and CTEPH. Riociguat significantly improved exercise capacity, hemodynamic parameters, and other functional endpoints in phase 3 trials. Safety and efficacy were maintained in long-term extension studies. Adverse events (AEs) were generally mild to moderate and self-limiting and did not require treatment discontinuation. To optimize adherence, frequent patient monitoring and management of AEs are recommended. Management strategies include patient education, treatment/prevention of adverse events, and individualized dose adjustment.
INTRODUCTION
Pulmonary hypertension (PH) is a chronic cardiopulmonary disorder affecting more than 25 million people worldwide. The World Health Organization (WHO) has classified PH into five groups based on pathophysiology and hemodynamic characteristics as follows: 1. pulmonary arterial hypertension (PAH), 2. left-heart-related PH, 3. lung/hypoxia-related PH, 4. chronic thromboembolic pulmonary hypertension (CTEPH), and 5. PH with unclear or multifactorial mechanisms [1] . Group 1 PH, or PAH, is a rare, life-threatening condition defined by a mean pulmonary artery pressure C25 mmHg at rest and pulmonary capillary wedge pressure B15 mmHg [2] . Similarly, group 4 PH, or CTEPH, is characterized by the same pulmonary pressures in the presence of organized emboli in the proximal and/or distal pulmonary arteries [3] .
In both conditions, chronically elevated pressure in the pulmonary arteries can result in impaired blood gas exchange and vascular remodeling that ultimately lead to right heart failure [4] . Patients typically present with a constellation of symptoms that impair functional capacity and quality of life. These symptoms may include dyspnea on exertion, fatigue, presyncope/ syncope, angina, and edema [5] [6] [7] [8] . Treatment goals of PAH are to improve WHO functional class (FC), increase exercise capacity as measured by 6-min walk distance (6MWD), normalize (improve) right ventricular function, delay disease progression, and improve patient survival [4, 9] .
In PAH, therapeutic management targets the affected physiologic pathways: the endothelin pathway (bosentan, ambrisentan, macitentan); the nitric oxide (NO) pathway (sildenafil, tadalafil, riociguat), and the prostacyclin pathway (treprostinil, epoprostenol, iloprost, selexipag). Therapy may begin with a single oral drug targeting the endothelin or NO pathway [3, 10] or with an upfront combination [3] . As the disease progresses, patients may be managed with add-on therapies or switched to a different class of treatment. Inhaled or parenteral prostacyclins are typically reserved for more advanced disease [3, 10] .
In CTEPH, the definitive treatment is pulmonary thromboendarterectomy (PTE), which can be potentially curative [6] . Several randomized, controlled and open-label trials of 3-6 months' duration have reported mixed results with drug therapy for patients who have inoperable or residual CTEPH [6] . Indeed, only one approved treatment option, riociguat, a soluble guanylate cyclase (sGC) stimulator, is available for patients in the US with disease that persists or recurs post-PTE or for those patients ineligible for PTE surgery [11] [12] [13] . With few exceptions, riociguat has now been approved for the treatment of inoperable or persistent/ recurrent CTEPH and for PAH throughout the world, including North and South America, Europe, Russia, Australia, and Japan.
This review will focus on the use of riociguat in clinical practice. Recommendations for managing adverse events (AEs) are based on the expertise and experience with riociguat of PH allied health professionals. This article is based on previously conducted studies and does not involve any new studies of human or animal subjects performed by any of the authors.
RIOCIGUAT: A NOVEL ORAL AGENT FOR THE TREATMENT OF PAH AND INOPERABLE OR PERSISTENT/ RECURRENT CTEPH
As understanding of the pathophysiologyincluding the role of endothelial-cell derived NO-of PAH has evolved, so has the development of new therapeutic agents. In healthy individuals, NO induces vasodilation by increasing production of cyclic guanosine monophosphate (cGMP) via activation of the intracellular enzyme sGC [14] . In patients with PAH, production of NO is impaired, resulting in reduction of sGC activity and reduced intracellular cGMP levels, which can lead to pulmonary vasoconstriction, vascular remodeling, and a prothrombotic state [15, 16] .
In 2013, riociguat, an oral agent and the first member of a novel class of therapeutics known as sGC stimulators, was introduced [16] [17] [18] [19] [20] . Riociguat has a dual mode of action: it sensitizes sGC to endogenous NO by stabilizing NO-sGC binding and it directly stimulates sGC independently of NO (Fig. 1) [16, 19] . Through these mechanisms, riociguat restores the NO-sGC-cGMP pathway and leads to increased generation of cGMP [16, 19, 21] . Riociguat is the first drug approved by the US Food and Drug Administration for the treatment of both PAH and inoperable or persistent/ recurrent CTEPH [17, 22, 23] . In the treatment of inoperable CTEPH, riociguat is the only drug to consistently demonstrate clinical efficacy in a placebo-controlled study. Improvements were observed in exercise capacity and pulmonary hemodynamics, as well as a range of clinically relevant secondary endpoints [12, 23] . In a pivotal PAH trial, riociguat significantly improved exercise capacity in treatment-native patients with symptomatic PAH, as well as in those pretreated with endothelin-receptor antagonists (ERAs) or prostanoids [22] .
Riociguat was also shown to significantly improve time-to-clinical-worsening (TTCW) events (defined as all-cause mortality; heart/ lung transplantation; atrial septostomy; initiation of new PAH-specific therapy; and worsening of 6MWD, WHO FC, or clinical status) as well as hemodynamic parameters and other secondary endpoints in PAH (Table 1) [22] .
CLINICAL PROFILE OF RIOCIGUAT

Absorption and Distribution
Riociguat is readily absorbed, with an absolute bioavailability of approximately 94% and with peak plasma concentrations achieved within 1.5 h after administration. Riociguat also shows complete oral absorption with no relevant food effects [17, 24, 25] . Systemic exposure to riociguat is dose proportional from 0.5 to 2.5 mg, with an area-under-the-curve variability across all doses of approximately 60% and intrasubject variability of approximately 30%. Dosing strategy is, therefore, targeted to individualized dose optimization with avoidance of hypotension [17, 24, 25] .
The bioavailability of crushed preparations of riociguat has also been studied. Exposure was similar between whole and crushed-tablet preparations; although minor food effects were observed, the bioavailability of the formulations are interchangeable. Thus, riociguat is still an option for patients who are unable to swallow tablets [26] .
Metabolism and Excretion
More than 90% of riociguat is eliminated in the urine and feces, largely as metabolites. Elimination half-life in patients with PAH is approximately 12 vs 7 h in healthy subjects. Likewise, average systemic clearance is 1.8 L/h in patients with PAH-approximately half that seen in healthy subjects (3.4 L/h) [17] . Plasma concentrations in smokers are reduced by 50-60% compared with nonsmokers. Based on pharmacokinetic modeling, for patients who are smokers, doses higher than 2.5 mg three times a day (TID) may be considered to match exposure seen in nonsmoking patients. The safety and efficacy of dosages greater than 2.5 mg TID have not been established. A subsequent dose reduction may be required in a circumstance where a patient quits or was required to abstain from smoking while on therapy.
The safety and efficacy of riociguat have not been demonstrated in patients with renal impairment (creatinine clearance \15 mL/min or on dialysis) or in patients with severe hepatic impairment (i.e., Child Pugh class C). Riociguat is not recommended for use in such patients [17, 27, 28] .
Drug-Drug Interactions
Riociguat is extensively metabolized through the cytochrome P (CYP)450 enzyme system and Treatment naïve or interested in a monotherapy option 4
Currently taking an ERA or prostanoid 4
Not taking a nitrate/NO donor or a PDE inhibitor 4
Interested in an oral therapy option 4
Would benefit clinically from improvement in exercise tolerance 4
If patient has PAH: desires long-term therapy to help delay PAH events such as hospitalizations, add-on PAH treatments, and disease worsening
4
If patient has disease that has progressed on other nonprostanoid therapy: desires another option before initiating an IV or SC prostanoid
If patient is female: expresses willingness to adhere to pregnancy prevention and REMS requirements (US patients only) 4
CTEPH chronic thromboembolic pulmonary hypertension, ERA endothelin-receptor antagonist, FC functional class, IV intravenous, NO nitric oxide, PAH pulmonary arterial hypertension, PDE phosphodiesterase, PTE pulmonary thromboendarterectomy, REMS risk evaluation and mitigation strategy, SC subcutaneous, WHO World Health Organization is a substrate of the efflux transporters P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP). Coadministration with broad spectrum CYP450 inhibitors, such as P-gp/BCRP inhibitors (e.g., ketoconazole, itraconazole), or human immunodeficiency virus protease inhibitors (e.g., ritonavir) may increase riociguat exposure, possibly resulting in hypotension; dose reduction should be considered in patients taking these medications concomitantly [17] . Riociguat has no pharmacokinetic interactions with prostanoids that merit dose adjustment. However, the exposure of riociguat is reduced when coadministered with ERAs that induce CYP3A4 (e.g., bosentan) [22] . Additionally, riociguat has no clinically relevant drug--drug interactions with warfarin and aspirin, common background therapies in both CTEPH and PAH [17, 29] .
Contraindications
Coadministration of riociguat with nitrates or NO donors (such as amyl nitrite) in any form is contraindicated. Concomitant administration of riociguat with specific PDE-5is (such as sildenafil, tadalafil, vardenafil) or nonspecific PDE inhibitors (such as dipyridamole or theophylline) is contraindicated. Riociguat should not be administered within 24 h of sildenafil or 24 h before or within 48 h after tadalafil. Riociguat is contraindicated in patients with pulmonary hypertension associated with idiopathic interstitial pneumonias. [17] Riociguat is contraindicated during pregnancy (pregnancy category X). For this reason, female patients in the US, regardless of reproductive potential, can only receive riociguat through a risk evaluation and mitigation strategy (REMS) restricted-distribution program. Male patients are not enrolled in the REMS program. Female patients of reproductive potential must have a negative pregnancy test prior to starting treatment with riociguat, monthly during treatment, and 1 month after discontinuation of treatment with riociguat. They must also use acceptable methods of contraception during treatment with riociguat and for 1 month after cessation of treatment with riociguat. Patients may choose one highly effective form of contraception (intrauterine device, contraceptive implant, or tubal sterilization) or a combination of methods (hormone method with a single or dual barrier method).
To prescribe riociguat to female patients, US healthcare providers must attain certification by enrolling in the REMS program and completing mandatory training. Patients should be counseled on pregnancy planning and prevention (including emergency contraception) and advised to contact their healthcare provider if they become pregnant or suspect they may be pregnant. Pharmacies must also be certified with the REMS program and may only dispense riociguat to patients who are authorized to receive it [17] . Clinicians may use criteria listed in Table 2 when selecting patients most likely to benefit clinically from riociguat.
DOSING OF RIOCIGUAT
Riociguat is available in five dose strengths (0.5, 1.0, 1.5, 2.0, 2.5 mg), allowing for individualized dosing based on clinical response. In patients with systolic blood pressure (SBP) C95 mmHg, the recommended starting dosage of riociguat is 1.0 mg TID. If the patient exhibits no signs of hypotension, the dose should be increased by 0.5 mg at 2 to 4-week intervals to an optimized patient dosage or a maximum of 2.5 mg TID (Fig. 2) [17] .
In specific patients, a starting dose of riociguat 0.5 mg TID may be warranted. Because riociguat is extensively metabolized through the CYP450 enzyme system and is a substrate of the efflux transporters P-gp and BCRP, patients on strong P-gp and BCRP inhibitors should be considered for a lower 0.5-mg TID starting dosage. Similarly, patients who, based on a clinician's assessment, may not tolerate hypotensive effects may be started on 0.5 mg TID [17] .
Transitioning to and from Riociguat
Concomitant administration of riociguat with PDE-5i's is contraindicated and patients transitioning to or from riociguat must undergo a 
Adverse event findings
The most common AEs (observed in [10% of patients taking riociguat group) included headache, dyspepsia, dizziness, peripheral edema and GI effects (nausea and diarrhea)
The most common AEs (observed in [10% of patients in the riociguat 2.5 mg TID group) included headache, nasopharyngitis, dizziness, dyspepsia, peripheral edema and GI effects (nausea) 6MWD 6-min walk distance, AE adverse event, FC functional class, GI gastrointestinal, PVR pulmonary vascular resistance, QOL quality of life, TID three times daily, TTCW time to clinical worsening, WHO World Health Organization a P B 0.0004 for all endpoints noted in CHEST-1 b P B 0.0003 for all endpoints noted in PATENT-1 washout period. Sildenafil should be discontinued at least 24 h prior to administering riociguat and tadalafil should be discontinued at least 48 h prior to administering riociguat. In patients switching from tadalafil who are at risk of hypotension, a starting dose of riociguat 0.5 mg may be considered. It is recommended that these patients be monitored for signs and symptoms of hypotension when starting riociguat. Riociguat should be discontinued for at least 24 h before transitioning to a PDE-5i and it is recommended that patients be monitored for signs and symptoms of hypotension once PDE-5i therapy is initiated.
Dosing with Riociguat at Experienced PH Centers
Clinicians specializing in the management of CTEPH and/or PAH may take a more individualized approach to dose adjustment. Additionally, although it is recommended that doses be adjusted in 2-week increments, this represents the minimum acceptable dose-adjustment window to achieve maximal dose and benefit as quickly possible [17] . If patients are not tolerating uptitration, their dosage can be decreased to the previous dosage and maintained for an additional 2 weeks before attempting uptitration again. Management strategies should be 
MANAGEMENT OF ADVERSE EVENTS
Low Systemic Blood Pressure
Through its reduction of systemic and pulmonary vascular resistance, riociguat may lower SBP. Risk of hypotension is increased in patients with PH who already have resting hypotension, are hypovolemic, or have severe left ventricular outflow obstruction [17] . Hypotension was observed in approximately 10% of patients taking riociguat TID in the phase 3 CHEST-1 and PATENT-1 registration trials. Severe drug-related hypotension that qualified as a serious adverse event (SAE) was observed in only two riociguat-treated patients, one each in CHEST-1 and PATENT-1, and led to one discontinuation in PATENT-1 [22, 23] .
Hypotension in patients being treated with riociguat at either a stable dosage or during dose adjustment is managed by first assessing clinical symptoms of hypotension and concomitant cardiovascular medications. Systemic antihypertensive medications may be discontinued or their dosages reduced to allow for continuation or uptitration of riociguat. A staggered-interval dose-adjustment approach can be helpful in reaching the target dosage of riociguat.
In patients with blood pressure that remains low but who are otherwise asymptomatic, maintaining the current dosing of riociguat without adjustment is reasonable. Per label guidance, if SBP is B95 mmHg with any associated symptoms, and a patient is not currently taking concomitant antihypertensive medications or medications that lower blood pressure, the dosage of riociguat should be decreased by 0.5 mg. Reassess the patient's blood pressure and clinical status in 2 weeks and again in 4 weeks, for the possibility of further downtitration of riociguat when dose adjustment is limited by hypotension [17] .
Headache and Nasopharyngitis
Headache and nasopharyngitis are among the most common AEs observed during therapy with riociguat. They are likely related to activation of the NO-cGMP pathway, which causes a cascade of signaling events resulting in vasodilation of arterioles in the nasal and throat passages, as well as the meninges and brain [30] .
Headache occurred in 25% of riociguat-treated patients in CHEST-1 compared with 14% who received placebo. In PATENT-1, 27% of patients receiving 2.5 mg TID and 32% of patients receiving 1.5 mg TID experienced headache compared with 20% of patients receiving placebo. Nasopharyngitis occurred in 10-15% of riociguat-treated patients compared with 9-11% of placebo-treated patients [22, 23] . An earlier phase 2 safety and tolerability study found few SAEs and mild AEs, which had all resolved by the time of study completion [31] .
In patients experiencing nasopharyngitis or headache, over-the counter (OTC) medications should be used as needed or with a preventive approach. Patients may be offered therapy with analgesics or antihistamines. We have found that 500 mg of acetaminophen 45 min prior to dosing is effective for mitigating headache symptoms. Nasal hydration/irrigation with saline may also provide symptomatic relief. Treatment with nonsteroidal anti-inflammatory medications should be approved by the provider prior to use due to risks associated with fluid retention and renal insufficiency. Patients should be encouraged to make use of OTC therapies in anticipation of side effects during uptitration before side effects become severe. Those with persistent, intolerable side effects of headache or nasopharyngitis may be managed with a riociguat dose reduction.
Gastrointestinal Adverse Events
Gastrointestinal (GI) AEs are associated with many classes of medication and can have a negative impact on adherence if not properly managed. The most commonly observed GI AEs with riociguat in phase 3 trials were dyspepsia (21%), nausea (14%), vomiting (10%), and diarrhea (12%), and these occurred in the placebo group as well (dyspepsia 8%; nausea 11%; vomiting 7%; and diarrhea 8%) [22, 23] . Patients should be assessed to determine whether feelings of nausea correlate with low blood pressure.
Generally, GI AEs in patients taking riociguat are mild to moderate. One patient in CHEST-1 experienced diarrhea that was considered a serious AE and\1% of patients in both CHEST-1 and PATENT-1 discontinued therapy due to GI AEs [17] .
Management of GI AEs should be proactive and begin with an inventory of any current medications that may contribute to stomach upset, vomiting, or diarrhea. For example, many patients with PH are on a background regimen that includes calcium channel blockers (which may cause nausea and constipation) and/or aspirin (a known GI irritant) [9] . Consider dose reduction or discontinuation of nonessential medications that may exacerbate GI symptoms in patients taking riociguat.
As GI AEs are well established, they may also be prophylactically managed by initiating therapy with a proton pump inhibitor (PPI) or an H2-antagonist. In light of recent concerns surrounding PPIs and Clostridium difficile, H2-antagonists may pose less risk to patients [32] . If the patient is started on PPI therapy, they should be educated on the signs and symptoms of C. difficile infection, which include fever, chills, and persistent diarrhea with a distinct foul odor. If diarrhea develops, a stool sample and complete blood count should be obtained. Patients currently on therapy with riociguat should be offered OTC treatment with antacids, antidiarrheals, or antinausea agents to be taken as needed. However, patients should be counseled that antacids, such as aluminum hydroxide/magnesium, decrease absorption of riociguat and should be taken either 1 h before or 1 h after dose administration [17] .
Peripheral Edema
Peripheral edema is a common side effect of pharmacotherapies that produce a vasodilatory effect. Peripheral edema was observed in 17% of patients taking riociguat 2.5 mg TID in PATENT-1 compared with 11% of patients taking placebo [22] . It should be noted that peripheral edema is a symptom of PAH due to right ventricular failure. Peripheral edema is also a symptom of conditions that can be comorbid with PAH, such as chronic deep venous insufficiency and kidney or liver disease [15] . In CHEST-1, 16% of patients taking riociguat and 20% of patients taking placebo experienced peripheral edema [23] .
Peripheral edema can often be addressed with lifestyle modifications. Dietary adjustments, such as reducing sodium and fluid intake, may be helpful. Compression stockings may provide relief and are available in most pharmacies [33] . Body positioning can also improve peripheral edema. Patients should be counseled to elevate their legs above their heart for 30 min 3-4 times daily to reduce swelling [33, 34] .
If self-care measures do not improve symptoms, addition or dose increase of diuretic therapy may be warranted. When initiating diuretic therapy, patients should be educated about daily weights and provided strict patient-specific parameters on when to contact the office with weight gain/loss. Diuretics can be effective in managing peripheral edema when regular monitoring of renal function and electrolytes is performed [34] . There is insufficient evidence to recommend loop vs potassium-sparing diuretics, and in some cases, the synergistic effect of both may be needed. If diuretics are ineffective, the evolution of edema should be further evaluated, as it may represent disease progression.
Concomitant Administration with Other PH-Specific Drugs
In addition to the general AEs associated with riociguat, certain AEs are more likely to occur in patients taking other PAH-drugs in combination with riociguat. Use of ERAs, for example, increases the risk of peripheral edema due to reduced renal excretion of sodium and water secondary to endothelin (ET) A /ET B blockade [35] . Patients who take ERAs with riociguat will require more extensive counseling on lifestyle management strategies for peripheral edema and may be appropriate candidates for early initiation or adjustment of diuretics.
Prostacyclin therapy in patients with PH is also associated with a well-established pattern of AEs, including headache and GI disturbances (nausea, vomiting, diarrhea) [36] . As these AEs are similar to those commonly associated with riociguat, patients taking both therapies should be educated on self-care and treatment strategies. Pretreatment with antiemetic or antidiarrheal therapies should be carefully considered in patients taking prostacyclins with riociguat.
Adverse Event Management: the Key to Patient Adherence
Patient support and education are critical factors in promoting adherence to treatment. An effective patient-adherence strategy begins with disease awareness. Research has shown that patients are more motivated to adhere to a prescribed treatment if they recognize its importance [37] . On the other hand, adherence can be negatively impacted by disbelief or general feelings of hopelessness regarding diagnosis [38] . It is, therefore, imperative to engage the patient in dialogue on diagnosis and the rationale for therapy with riociguat. Patients should be counseled that CTEPH and PAH are complex and serious conditions, but innovations in therapy are helping many patients live longer, more active lives [9, 39, 40] .
Setting expectations for therapy, including potential AEs and effective management of same, is another important aspect of patient counseling. Of note, medication AEs themselves have been shown to account for only 5-10% of cases of patient nonadherence; lack of proper medication counseling and poor communication around AEs are more important determinants of nonadherence [37] .
Patients started on riociguat should have a clear understanding of the potential AEs they may experience. Providers should discuss strategies to manage potential AEs along with self-care measures. Patients should also be counseled on serious AEs that need be reported to healthcare providers immediately or that require urgent evaluation (e.g., hypotension with syncope, bleeding) [37] .
CONCLUSION
CTEPH and PAH are rare, life-threatening diseases that require chronic management. Recently, riociguat, a novel therapeutic agent that stimulates the sGC enzyme, was approved for the treatment of both conditions [17] . Upon binding, sGC catalyzes conversion of cGMP, which promotes vasodilation, and inhibits smooth-muscle proliferation, platelet aggregation, and vascular remodeling [16, 19] .
In large-scale clinical trials, riociguat has been shown to significantly improve exercise capacity as well as hemodynamic parameters in patients with PAH and CTEPH [22, 23] . These clinical benefits were sustained in long-term follow-up studies [39, 40] .
Riociguat is generally safe and well tolerated [22, 23] . AEs are both predictable and manageable based on the vasodilatory mechanism of action. The most common AEs observed in clinical trials include headache, nasopharyngitis, GI disturbances, and peripheral edema. Increased rates of hypotension have also been observed. Patients should be reassured that the majority of these AEs are of mild to moderate severity, occur early in the course of treatment, and dissipate over the first few months of therapy. Patients at high risk for certain AEs may be offered preventive treatment or dose adjustment.
Patient education and support help ensure patients are able to achieve the full benefit of therapy with riociguat. Clinicians should work closely with patients to provide clear explanations of therapy and create treatment plans. AEs should be reviewed with all patients before starting therapy and monitored throughout treatment, with supportive-care strategies offered. Involving family and caregivers in treatment monitoring and connecting patients with outside support resources also increase the likelihood of therapeutic success.
